High dielectric constant and wide band gap oxides have important technological applications. The crystalline oxide polymorphs having lattice constant compatibility to silicon are particularly desirable. One recently reported candidate is the inverse silver oxide phase of SiO 2 . A first-principles study of this system together with its isovalent equivalents GeO 2 and SnO 2 as well as their ternary alloys is performed. Within the framework of density functional theory both the generalized gradient approximation and local density approximation ͑LDA͒ are employed to obtain their structural properties, elastic constants, and electronic band structures. To check the stability of these materials, phonon dispersion curves are computed which indicate that GeO 2 and SnO 2 have negative phonon branches whereas their ternary alloys Si 0. High dielectric constant and wide band gap oxides are of general interest for the next-generation gate oxides for silicon-based electronics 1 and also as host matrices for nonvolatile flash memory applications.
High dielectric constant and wide band gap oxides are of general interest for the next-generation gate oxides for silicon-based electronics 1 and also as host matrices for nonvolatile flash memory applications. 2 Amorphous oxides have been generally preferred as they are good glass formers which tend to minimize the number of dangling bonds at the interface. In this respect, polycrystalline oxides are undesirable as the grain boundaries cause higher leakage currents and possible diffusion paths for dopants. 1 On the other hand, crystalline oxide grown epitaxially on silicon 3 can be favorable as it will result in high interface quality provided that it is lattice-matched to Si.
Very recently, Ouyang and Ching 4 have reported a highdensity cubic polymorph of SiO 2 in the inverse Ag 2 O structure, named by them as the i phase, possessing both a high dielectric constant, as in stishovite phase, and lattice constant compatibility to the Si͑100͒ face, which makes it very attractive for electronic applications. In this computational work, we continue this search for the crystalline high dielectric constant oxides with the i phases of GeO 2 and SnO 2 as well as their ordered ternary alloys with SiO 2 . This pursuit is in line with the International Technology Roadmap for Semiconductors where computational synthesis of novel high dielectric materials is emphasized. 5 We employ the wellestablished ab initio framework based on density functional theory within the generalized gradient approximation and local density approximation using pseudopotentials and a plane-wave basis. 6 The unit cell for the ordered ternary alloy X 0.5 Y 0.5 O 2 in the inverse Ag 2 O structure is shown in Fig. 1 . Structural and electronic properties of the i-phase structures under consideration have been calculated within density functional theory, 6 using the plane-wave basis pseudopotential method as implemented in the ABINIT code. 7 The results are obtained under the generalized gradient approximation ͑GGA͒ and local density approximation ͑LDA͒ where for the exchangecorrelation interactions we use the Teter-Pade parametrization, 8 which reproduces the Perdew-Zunger parametrization 9 ͑which reproduces the quantum Monte Carlo electron gas data of Ceperley and Alder 10 ͒. We tested the LDA results under two different norm-conserving Troullier-Martins 11 -type pseudopotentials, which were generated by Khein and Allan ͑KA͒ and Fritz Haber Institute ͑FHI͒; for either set, the d electrons were not included in the valence configuration. Our calculated values for these two types of pseudopotentials were very similar. In the course of both GGA and LDA computations, the plane-wave energy cutoff and k-point sampling were chosen to assure a 0.001 eV energy convergence for all i-phase crystals. In the case of SiO 2 this demands a 130-Ry plane-wave energy cutoff and 10ϫ 10ϫ 10 k-point sampling. Phonon dispersions and phonon density of states were computed by the PHON program 12 using a 2 ϫ 2 ϫ 2 supercell of 48 atoms to construct the dynamical matrix. The required forces were extracted from ABINIT. The corrected band-gap values are computed by obtaining self-energy corrections to the DFT KohnSham eigenvalues in the GW approximation. 13 All parameters used during the GW calculation were chosen to assure a 0.001 eV energy convergence. Table I . The Si͑100͒ surface lattice constant is about 3.83 Å; therefore, according to LDA results Si 0.5 Ge 0.5 O 2 is of particular interest as it can be epitaxially grown on Si without any strain. According to our well-converged calculations Si 0.5 Ge 0.5 O 2 has a lower total energy compared to both SiO 2 and GeO 2 , the latter itself being unstable as will be shown later; this can be taken as some indication of immunity to the phase separation of this ternary alloy into its binary compounds.
The LDA and GGA results of the three independent elastic constants and bulk modulus for all crystals are tabulated in Table II . An important concern is the stability of these cubic phases. The requirement of mechanical stability on the elastic constants in a cubic crystal leads to the following constraints: C 11 Ͼ C 12 , C 11 Ͼ 0,C 44 Ͼ 0, and C 11 +2C 12 Ͼ 0. The elastic constants calculated by both the LDA and GGA shown in Table II satisfy these stability conditions. Furthermore, we compute the LDA and GGA phonon dispersion curves of these structures using the PHON program. 12 First, to verify the validity of the results of the PHON program we compute the phonon dispersions of the SiO 2 and GeO 2 by using both PHON and the ANADDB extension of the ABINIT code. 7 There exists good agreement between two calculations. Next, we calculate the phonon dispersions of the all i-phase crystals via the PHON program with forces obtained from the LDA and GGA. It is observed that SiO 2 is at least locally stable whereas GeO 2 and SnO 2 contain negative phonon branches which signal an instability of these phases. As for their alloy Ge 0.5 Sn 0.5 O 2 , according to the LDA this material is stable whereas within the GGA it comes out as unstable. For the stable structures the LDA phonon dispersions and the associated phonon density of states ͑DOS͒ are shown in Fig. 2 .
For the stable systems, the static and high-frequency dielectric constants are listed in Table III . The static dielectric constants falling in the range between 10 and 20 suggest that these are moderately high dielectric constant crystals. It can be observed that the GGA yields systematically higher values for the dielectric constants of these structures. Employing KA pseudopotentials, the LDA band structure for the crystals is displayed along the high-symmetry lines in Fig. 3 including the electronic DOS. The widths of the valence bands get progressively narrowed from Fig. 3͑a͒-3͑d͒-i .e., from SiO 2 to Sn 0.5 Si 0.5 O 2 . For all of the i-phase crystals under consideration including the unstable ones the conduction band minima occur at the ⌫ point whereas the valence band maxima are located at R point making them indirect band gap semiconductors. As tabulated in Table IV , the direct the band gap values are only marginally above the indirect band gap values. Again the GGA systematically yields narrower band gaps compared to the LDA.
A renown artifact of the LDA is that for semiconductors and insulators band gaps are underestimated. 6 In this work, the corrected band-gap values are also provided by the GW approximation. As there are different GW implementations we briefly highlight the particular methodology followed in the ABINIT code. First, a converged ground-state calculation ͑at fixed lattice parameters and atomic positions͒ is done to get a self-consistent density and potential and Kohn-Sham eigenvalues and eigenfunctions at the relevant band extrema k points as well as on a regular grid of k points. Next, on the basis of these available Kohn-Sham data, the independentparticle susceptibility matrix 0 is computed on a regular grid of q points for at least two frequencies ͑usually, zero frequency and a large pure imaginary frequency-on the order of the plasmon frequency, a dozen of eV͒. Finally, the random phase approximation susceptibility matrix , the dielectric matrix ⑀, and its inverse ⑀ −1 are computed. On this basis, the self-energy ⌺ matrix element at the given k point is computed to derive the GW eigenvalues for the target states at this k point. Note that this GW correction is achieved as a one-shot calculation ͑i.e., no overall self-consistency͒; hence, our results technically correspond to G 0 W 0 which has been the standard approach as originally proposal by Hedin.
14 The GW correction as can be observed from Table IV restores the wide band gap values; this feature is essential for these materials to provide sufficient confinement to carriers of the narrow band gap semiconductors such as silicon.
We have also considered the i phase of PbO 2 which turned out to be unstable and hence its ab initio data are not included. In this work, we do not consider the thermodynamic stability of these i-phase oxides. However, for technological applications rather than bulk systems the epitaxial growth conditions become more critical. 15 A promising direction can be a finite-temperature investigation 16 of these i-phase isovalent structures on Si͑100͒ surfaces using a large number of monolayers.
This first-principles study suggests that the i phases of GeO 2 and SnO 2 are unstable whereas SiO 2 ,Si 0.5 Ge 0.5 O 2 , and Si 0.5 Sn 0.5 O 2 are particularly promising due to their high dielectric constants as well as wide band gaps as restored by the GW correction. Moreover, they are lattice-matched to the Si͑100͒ face, especially for the case of Si 0.5 Ge 0.5 O 2 . We believe that these findings can further boost research on crystalline oxides. 
